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F_. I. Mapped outlines of slump and debris avalanche aprons. The outline in the bottom right is that of a possible
lava flow from the collapsed margin dome on Sapas Mons.
On Each, landslides on volcanic edifices can be triggered by a
number of different processes, including those occurring as a result
of aseismieal crustal deformation, such as oversteepening of slopes
due to deformation (possibly resulting from dyke emplacement of
magma rise), overloading of the slope (by lavas), excess weight at
the top of the slope (due to a large cone or a large area of summit
lava), removal of support by explosions on the flanks, and caldera
collapse. Failure occurring coseismically can result from structural
aheradon of the constituent parts of the slope leading to failure,
dislodgement of otherwise stable slopes, and fault movement result-
ing in an increased slope angle [4]. Seismic pumping may also be a
major control on slope stability during an earthquake [5].
On Venus, similar processes may operate. The high ambient
temperatures may result in development of a weak carapace, which
in turn may allow relatively rapid dome growth to occur. If the
effusion rates are high, as suggested by the size of the features, then
oversteepening would be a likely consequence resulting in failure
and collapse. Landslide scars may be modified by continued dome
growth. The existence of fractures around the base of some of the
collapsed domes and of debris aprons cut by fractures suggests that
there has been seismic activity and surface deformation occurring
during the period of modification of the dome.
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MIXED-VALENCE IRON MINERALS ON VENUS: Fel+-Fe _
OXIDES AND OXY-SILICATES FORMED BY SURFACE-
ATMOSPHERE INTERACTIONS. Roger G. Buras and D'A.rcy
W. S_aub, Department of Earth, Atmospheric and Planetary Sci-
ences, Massachusetts Institute o[ Technology, Cambridge MA
02139, USA.
Background: The oxidation state and mineralogy of iron on the
hot surface of Venus are poorly understood [ 1-3], despite qualita-
tive in situ measurements of oxygen fugacity during the Venera 13/
14 missions [4], some reflectance spectral data derived from the
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Vemera 9/I0 and Venera ]3114 missions [5],numerous equilibrium
thermodynamic calculations[e.g.,3,6,7],and severalexperimental
studiesofrock and mineral assemblages heated inair[5,8-I0,I I]or
COz-dominated atmospheres [2,12].Inferences from theseinvesti-
gations arethatFee'-bearing minerals such ashematite {a-Fe20_},
magnesiofcrrite [MgF¢_'204}, acrnite[NaFe3+Si206}, and cpidotc
[C_Fe_AI2Si3Otz(OH)} are thermodynamically unstable[3],and
thatmagnetite {FesO 4 or FcZ+Fer_'20+1is the predominant mixed-
valence iron oxide mineral on Venus. Recently, the Fe2+-Fe3+
silicate mineral Iaihurtite (with idea/ encLrrtembcr composition
Fe2+Fe3+2SizOs),earliersuggested tooccur on oxidized surfaces of
terrestrialplanets [101,was p_i:_sed to be a reaction product of
olivine with the venusian atmosphere [31.This possibilityisdis-
cussed furtherhere.We suggestthatothermixed-valence FeZ÷-Fe_+-
Or-OH- silicates could also result from surface-atmosphere
interactions on Venus. Such minerals include oxy-amphiboles {e.g.
Ca2(Mg,FeZ+,Feb)s SisOz2(OH,O)z)], ilvait¢ {CaFe_+zFer_ Sir
Og(OH)] ,oxy-biotites [ e.g. K(Mg,Fe2+,Fe'_)z_3(Si1AIOt0)(OH,O)zl,
and babingtonite [C_Fe_+Fe_SisOI,t(OH)).
Conversion of Hematite to Magnetite: Spectroscopic 0bser-
rations, which correlated spcctrophotometric data of theVenera 9/
10 and 13114 missions with laboratory reflectance spectra of hema-
tite, suggested that this ferric oxide phase might exist metastably on
the venusian surface [5]. However, a kinetic study of the conversion
of hematite to magnetite [12} showed that, although coatings of
magnetite on hematite crystalIites may partially inhibit the decom-
position of Fe203, complete conversion of hematite to magnetite is
suftqeiently rapid at venusian surface temperatures so as to dismiss
the existence of metastable hematite on Venus. Thus, magnetite
appears to be the dominant oxide mineral accommodating ferric
iron on Venus. However, a number of other opaque mixed-valence
silicate minerals also host Fe _" ions and could exist on the surface
of Venus.
Stability of Laihunlte: The occurrence of ferrifayalite, con-
slating of intergrowths of fayalite (stoichiometric Fe2+zSiO4) and
laihunite (nonstoichiometrie FeZ+xFe_'ySiO4). in terrestrial meta
morphic [13], plutonic, and extrusive igneous rocks [14-17] sug-
gested that such Fe3_-bearing olivines might also exist on other
terrestrial planets [ 10], including Venus [3 ]. Ferrifayalices have also
been produced experimentally by aereal oxidation in the tempera-
turc range 4OO°-8OO°C of Mg-Fe and Mn-Fe o)ivines _8-10,
16,18,19]. These natural and experimentally induced oxidation
products of olivine, including the granulite-facies laihunite
(intergrown with magnetite) from metamorphic rocks at the type-
locality in Cl'tina [l 3], consist of a variety of superstructure olivine
polytypes [ 16,17,20,21 }. Maghem itc (y-Fe203 or nonsu_[chiome_rlc
spinel) was also identi fled in oxidized fayalites [8-10]. However, at
elevated temperatures+ ferrifayalite-maghemite assemblages de-
compose to hematite, leading to the suggestion [9] that a laihunite-
maghemite-quartz oxygen fugacity buffer more oxidizing than the
(stoichiometric) fayalite-magnetite-quartz buffer could exist at
temperatures below 600"C. Such a Fee-bearing assemblage would
be relevant, therefore, to the surface of Venus.
More recently, the stability of laihunite has been questioned,
based on heating experiments above 300_C at various oxygen
fugaeities [18,19]. Laihunite synthesized from fayalite was trans-
formed to hematite, magnetite, and amorphous silica under a CO z
atmosphere. In a COzJI'I z (ratio 1OOO:1) atmosphere, laihunite
decomposed to fayalite, magnetite, and amorphous SiO z. Similar
reaction products were obtained for laihurtites synthesized fTom
Mg-Fe and Mn-Fe olivine solid-solutions. It was concluded [19]
that at 1 bar atmospheric pressure and temperatures exceeding
300°(:2, laihuin.ite has no stability field under any oxygen fugacity.
These f'mdings con.filet with the numerous terrestrial occurrences of
laihunite [13-17] and earlier thermodynamic calculations for the
system FelO3-FeO-SiO z at 15 kb [22] that showed laihunite to be
stable at granulite-faeies temperatures (600°--700*(2). Therefore, if
laihunite does occur on Venus [3], it may be metastable in the
venusian atmosphere at F _ 95 bar and T < 475°C.
The Possible Existence of Oxy-Amphlholes and Oxy-Mlcas
on Venus: Early therraodynamic calculations of chemical interac-
tions between basaltic rocks and the atmosphere of Venus indicated
that amphiboles such as glaucophane [NazMg3AlzSisOn(OH)z)
and trcmolitc {Ca2MgsSiaOzz(OH)zl. together with epidote, mag-
netite,and phlogopite {KMg)Si_AIO_o(OH)a], are stable assem-
blages[1,6,23].However, the suggestionthatthesehydroxyl-bearing
minerals,as well asother amphiboles, micas, and clay silicates,are
stable on Venus has been hotly debated (see [3]).The problem
centers on estimated water-dissociation pressures of common
OH--bearing minerals, which render them unstable inthe vcrmsian
atmosphere. On the othcr hand, fluorine-bearingamphiboles and
micas, in which F- ionsreplace OH- in the crystalstructures,may
be stableon Venus (3,7].
Dchydmxylated amphiboles and micas formed by intracrystallinc
redox reactions could also be stable phases on Venus. Such
dchydroxylated minerals are well known as oxy-hornblcndcs and
oxy-biotites in tcrrcstrialvolcanic rocks, where thcy occur as
primary magmatie phascs orwere formed by oxidation ofextrusive
amphiboles and micas at the Eaxch's surface.
When Fe z+ -bearing amphiboles and micas arc heated in a v acuum
or inert gas, an internal oxidatlon-reduction reaction occurs in the
mineral crystal structures, resulting in an oxy-amphibole or oxy-
mica component [24,25]
Fe z÷ + OH- = Fe _ + O z- + S&H2
In an oxidizing atmosphere, the reaction becomes
Fe z+ + OH- + _AO 2 = Fe _ + O v + _h H20
The overall result of both of these reactions is to convert the
structural OH- ions _o O z- anions, which are retained in the amphi-
bole or mica crystal structure to charge-balance the Fe 3_ ions
produced by oxidation of Fe z+ cations [26,27]. Similar Fe 2+-Fe _-
O z--(OH-)-bearing amphiboles and micas would be thermally stable
on the surface of Venus. Thus, oxy-hornblendes and oxy-biotites
should be recognized as candidate mixed-va/ence iron minerals on
Venus.
Other Mixed-Valence Fe2+-Fe-_ Silicates Likely to Exls_ on
Venus: Calcite and magnetite are predicted to be stable over
almost the entire surface of Venus (31. On Earth, these two minerals
coexist with a variety of Ca-Fe silicates in skarn deposits that
formed by contact metamorphism when magma intruded ferrugi-
nous limestones or siliceous dolomites [28,29]. Minerals present in
progressive decarbonationsequences away from such plutorts range
from high-temperature pyroxene (e.g., hedenbergite, CaFeZ+Si20_
and garnet (e.g., artdradlte, Ca3Pea+2Si:_Oll ) assemblages to ilvaite
{CaFc_+zFe_+Si_O_(OH) { and babingtonite {CazFez+Fe_* Si s
Ot4(OH) }. which formed at lower temperatures. In the COz-satu-
rated environment during skarn formalion, ilvaile-bearing assem-
blages become stable when temperatures and oxygen fugacities fall
below about 500°C and i0 -_ bar respectively [30,31]. At compa-
tabletemperatures,th crystallization of babingtortite requires
more hydrous conditions, lower CO 2, and slightly higher 02 fugaci-
tics in the fluid phase than ilvaite. Since similar temperatures, CO z
pressures, and oxygen fugacities induced within skam deposits exist
on Venus, ilvaite and perhaps babingtonite could have also formed
on rhe surface of this planet by the interaction of the venusian
atmosphere with extruded basaltic rocks, One factor that might
mitigate against the formation of these calcic Fe2+-Fe _+ silicates on
Venus, however, are the high abundances of Mg and AI measured
during the Venera 13/14 [32] and Vega 2 [33] missions. The Mg 2+
and AP + cationsare not accepted intothe crystalstructuresofilvaite
and babingtonite.
Discussion: Although magnetite isgenerally regarded tobe
the predominant ferric-bearingmineral on Venus, other mixed-
valence FeZ+-Fe _" minerals known to exist on the surface of Earth
could be stable in the vcnusian atmosphere. Thus, in addition to
laihunite (which is probably metastable) and ilv aitc and babingtordte
(both of which may be found in rocks depleted of Mg and AI), oxy-
amphiboles and oxy-micas may also be major constituents of the
venusian surface. The opacities and high electrical conductivitics of
such mixed-valence FeZ+-Fc 3+ silicate minerals, the properties of
which resemble magnetite [34], may also contribute to high radar-
reflectivity regions in the highlands of Venus [35].
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THERMAL BUOYANCY ON VENUS: PRELIMINARY RE-
SULTS OF FINITE ELEMENT MODELING. J.D. Butt and
I. W. Head, Department of Geological Sciences, Brown University,
Providence ILl 02912, USA.
Introduction: Enhanced surface temperatures and a thinner
lithosphere on Venus relative to Earth have been cited as leading to
increased lithospheric buoyancy. This would limit [ 1 ] or prevent [2]
subduction on Venus and favor the construction of thickened crust
through underthrusting. Underthrusting may contribute to the for-
mation of a number of features on Venus. For example, Freyja
Montes, a linear mountain belt in the northern hemisphere of Venus,
has been interpreted to be an orogenic belt [3] and a zone of
convergence and underthrusting of the north polar plains beneath
Ishtar Terra, with consequent crustal thickening [4]. Such mountain
belts lie adjacent to regions of tessera and contain evidence of
volcanic activity. Tessera is also considered to consist of thickened
crust [5] and crustal underthrusting is one possible mode for its
formation [4]. Models for the formation of the mountain belts and
associated features must thcn explain compressional deformation
and crustal thickening, as well as melt production.
In order to evaluate the conditions distinguishing between
underthrusting and subduction, we have modeled the thermal and
buoyancy consequences of the subduction end member. This study
considers the fate of a slab from the time it starts to subduer, but
bypasses the question of subduction initiation. Thermal changes in
slabs subducting into a mantle having a range of initial geotherms
are used to predict density changes and thus their overall buoyancy.
Finite dement modeling is then applied in a lust approximation of
the assessment of the relative rates of subduction as compared to the
buoyant rise of the slab through a viscous mantle.
Subduction Modeh In the model, slabs,having a thickness set
by 90% of the basalt solidus, subduct at a 45 ° angle into the mantle.
The initial geotherms match surface thermal gradients of 10°C/kin,
15°C/kin, and 25*C/kin [6]. Slabs heat via conduction, crustal
radioactivity, phase changes, and adiabatic compression. Phase
changes involving the conversion of basalt to ex:logite at depths of
60 to 160 km and then enstatite to forsterite plus stishovite between
260 and 360 kra generate 0.13 x 100s ergs/em 3 s and 0.36 x 10 -s ergs/
cm 3 s respectively [7]. The slab radiogenic heat production is 2.63 ×
10 °7 ergs/g s [8]. Adiabatic compression adds 0.5°C per kilometer
of depth. Convergence rates ranged from 5 mrn/yr to 100 mrn,/yr.
The thermal evolution of the slab is followed using a finite
difference technique [7,9]. The model region measures 800 krn
horizontally by 400 km deep. Processing ends when the slab tips
reach a 300-kin depth, implying time intervals of l 0 m.y. to 100 m.y.
Slab density changes derive from the thermal results through
calculation of the thermal expansion (% : 3 x 100S/°K [8]) and the
effects of pressure (b = 1 x 1003/kbar [8]) on initial densities set for
zeropressure and temperature. The assumed initialdensity slructure
includes a 10-kin or 25-kin basaltic crust (density = 3.0 g/cm3), a
corresponding 25-kin or 65-kin-thick depleted mantle zone (den-
sity = 3.295 g/eroS), and an underlying undepleted mantle (den-
sity = 3.36 gJcm3). Density changes due to the phase transitions arc
also included. Results take the form of density distributions within
the model region.
Finite element modeling is then employed to gauge the rate at
which a slab having the density structure derived above will move
through a viscous mantle. Buoyancy body forces are applied to a
slab having a viscosity of 102] Pa s surrounded by a mantle with a
